Introduction
Heme is a prosthetic group that plays a vital role in redox reactions involved in processes such as detoxification, oxygen transport, circadian rhythm, microRNA processing, regulation of transcription and translation, and apoptosis (1) (2) (3) (4) . The majority of heme is synthesized in red blood cells, whose main function is to transport oxygen via the heme-containing oxygen carrier protein, hemoglobin (5) .
Despite extensive work on the regulation and mechanisms of heme synthetic enzymes, the mechanisms governing transport and intracellular trafficking of heme intermediates, which are crucial for heme synthesis, are poorly understood (6, 7) . δ-Aminolevulinate (ALA), the first committed heme synthesis precursor, is synthesized in the mitochondria. ALA is exported from the mitochondria into the cytosol for subsequent processing by δ-aminolevulinic acid dehydratase (EC4.2.1.24), porphobilinogen dehydratase (EC2.5.1.61), uroporphyrinogen III (UROgenIII) synthase (EC4.2.1.75), and uroporphyrinogen decarboxylase (EC4.1.1.37) to form UROgenIII and coproporphyrinogen III (CPgenIII). CPgenIII is then transported back into the mitochondria to synthesize protoporphyrinogen IX (PPgenIX) by coproporphyrinogen oxidase (CPOX; EC1.3.3.3) and then oxidized to form protoporphyrin IX (PPIX) by protoporphyrinogen oxidase (PPOX; EC1. 3.3.4) . PPIX is ultimately metalated with the coordination of Fe(II) by ferrochelatase (FECH; EC4.99.1.1) to form heme. Hence, the transport and trafficking of these intermediates represent key regulatory points in the heme synthesis pathway (7) (8) (9) . Dysregulation of heme intermediate transport can lead to cytotoxic accumulation of tetrapyrrolic synthetic intermediates, which are photoreactive and relatively insoluble when allowed to accumulate, as illustrated by porphyrias caused by deficiencies in heme synthesis enzymes (10) . Anemia may also result from defects in porphyrin trafficking, as heme synthesis is ultimately impaired.
The transport and intracellular trafficking of heme biosynthesis intermediates are crucial for hemoglobin production, which is a critical process in developing red cells. Here, we profiled gene expression in terminally differentiating murine fetal liverderived erythroid cells to identify regulators of heme metabolism. We determined that TMEM14C, an inner mitochondrial membrane protein that is enriched in vertebrate hematopoietic tissues, is essential for erythropoiesis and heme synthesis in vivo and in cultured erythroid cells. In mice, TMEM14C deficiency resulted in porphyrin accumulation in the fetal liver, erythroid maturation arrest, and embryonic lethality due to profound anemia. Protoporphyrin IX synthesis in TMEM14Cdeficient erythroid cells was blocked, leading to an accumulation of porphyrin precursors. The heme synthesis defect in TMEM14C-deficient cells was ameliorated with a protoporphyrin IX analog, indicating that TMEM14C primarily functions in the terminal steps of the heme synthesis pathway. Together, our data demonstrate that TMEM14C facilitates the import of protoporphyrinogen IX into the mitochondrial matrix for heme synthesis and subsequent hemoglobin production. Furthermore, the identification of TMEM14C as a protoporphyrinogen IX importer provides a genetic tool for further exploring erythropoiesis and congenital anemias.
TMEM14C is required for erythroid mitochondrial heme metabolism embryoid bodies as well as cultured Friend murine erythroleukemia (MEL) cells (22) . Our complementary studies, using biochemical, cell biology, pharmacologic and genetic methods, consistently demonstrate that TMEM14C plays a critical and conserved role in primitive and definitive erythropoiesis and is required for erythroid heme metabolism in vertebrate species. In particular, we show that TMEM14C functions to facilitate the import of PPgenIX into the mitochondria for terminal heme synthesis.
Results

TMEM14C expression is enriched in mammalian erythropoietic tissues.
Maturing erythroid cells synthesize large amounts of heme and acquire exogenous iron to keep pace with the high rate of hemoglobin synthesis during erythroid terminal differentiation (23, 24) . To identify mitochondrial porphyrin transporters that are coregulated Genes for heme and globin synthesis are coordinately upregulated during erythroid differentiation (11, 12) by erythroid-specific transcription factors EKLF (also known as KLF1) (13-15) and GATA-1 (16) (17) (18) (19) . We hypothesized that proteins essential for transport of heme synthesis intermediates are also coregulated in differentiating erythroid cells. In this study, we identified genes that are upregulated in terminally differentiating erythroid cells present in the fetal liver, which synthesize large quantities of heme (20) . We discovered that the expression of tmem14c, a gene coding for a transmembrane protein required for zebrafish embryonic erythropoiesis and heme synthesis (21) , was upregulated in terminally differentiating, definitive primary murine erythroid cells.
To mechanistically dissect the functional role of Tmem14c in erythroid heme synthesis, we performed loss-of-function studies in the mouse, using cultured murine embryonic stem cells and Tmem14c mRNA is expressed in hematopoietic organs, as shown by β-galactosidase staining (blue) of Tmem14c LacZ reporter expression in an E10.5 murine yolk sac (original magnification, ×63) and in situ hybridization of an E8.5 yolk sac (scale bar: 100 μm) and (C) fetal liver at E15.5 (pseudo-red; scale bar: 500 μm). (D) qRT-PCR shows Tmem14c mRNA is highly expressed in erythropoietic tissues and a MEL cell line. Tmem14c expression was normalized to Hprt levels. (E) Western blot analysis shows specific expression of TMEM14C protein in differentiating TER119 + murine fetal liver erythroid cells. HSP60 serves as a loading control. (F) Western blot analysis of fractionated Tmem14c-transfected HEK293T cells demonstrates localization of TMEM14C to the mitochondria. The control band indicates a protein that nonspecifically cross-reacts with MFRN1 antibody and migrates at a different molecular weight. (G) Confocal immunofluorescence microscopy (original magnification, ×63) shows that most of the transiently transfected FLAG-TMEM14C (fluorescein) colocalizes (merged, yellow) with HSP60 (rhodamine), a mitochondrial resident protein; nuclei were stained with DAPI (blue). (H) Transiently transfected FLAG-TMEM14C localizes to the inner mitochondrial membrane. TMEM14C, like TIM23, an inner mitochondrial protein, is sensitive to trypsin digestion when the outer mitochondrial membrane is disrupted by hypotonic swelling. The residual FLAG-TMEM14C that is trypsin resistant reflects mitochondria that are resistant to osmotic shock. jci.org Volume 124 Number 10 October 2014
Supplemental Figure 1A ). β-Galactosidase staining of murine embryos carrying a Tmem14c gene trap cassette expressing LacZ under the control of the endogenous Tmem14c promoter confirmed that Tmem14c was highly expressed in the yolk sac blood cells in the vasculature at E8.5-E10.5 ( Figure 1B) . Consistent with the RNAseq experiments ( Figure 1A) , expression of the endogenous TMEM14C protein was specifically enriched in the TER119 + maturing erythroid population of the murine fetal liver ( Figure 1E ). The enrichment of TMEM14C expression in differentiating erythroid cells suggested that it played an important role in terminal erythroid maturation. TMEM14C is localized to the inner mitochondrial membrane. To determine the mechanism of TMEM14C function, we characterized its subcellular localization. Based on proteomic studies, TMEM14C was predicted to be a mitochondrial protein (21, 26) . Western blot analysis of mitochondrial and cytosolic fractions from HEK293T cells that were transiently transfected with TMEM14C confirmed colocalization of TMEM14C with the β-subunit of ATP synthase in the mitochondria ( Figure 1F ). In addition, confocal immunofluorescence detection of transiently transfected FLAG-tagged TMEM14C in COS-7 cells showed colocalization of with the heme synthesis machinery during erythroid terminal differentiation, we performed RNA sequencing (RNAseq) analysis on murine fetal liver cells that were sorted into fractions corresponding to their differentiation stage (R1-R5) by their surface expression of TER119 and CD71 (20, 25) . The expression of Tmem14c, which codes for a predicted mitochondrial transmembrane protein (21, 26) , was upregulated in the terminally differentiating (R3-R5) subpopulation in parallel with heme synthetic enzymes relative to progenitor cells (R1-R2) ( Figure 1A ). The increase in Tmem14c expression during terminal erythroid differentiation was recapitulated in a MEL cell line (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI76979DS1). In contrast, expression of the related Tmem14a was not induced during erythroid differentiation ( Figure 1A ). The requirement of tmem14c for hemoglobinization in zebrafish morphants (21) and its coordinated expression with murine heme synthesis enzymes in fetal liver cells suggested that it could play a conserved role in vertebrate erythroid heme synthesis.
Analysis of cDNA from murine tissue and in situ hybridization of E8.5-E14.5 mouse embryos revealed that Tmem14c expression is enriched in hematopoietic organs, such as the yolk sac, bone marrow, fetal liver, and spleen (Figure 1 , B-D, and
In contrast, a large proportion of TMEM14C was degraded when mitochondria were subjected to both hypotonic swelling and trypsin treatment, which exposes inner membrane proteins, such as TIM23, to trypsin degradation, while mitochondrial matrix proteins, such as HSPA9, are resistant. These data demonstrate that the majority of TMEM14C resides in the inner mitochondrial membrane ( Figure 1H , lane 3).
TMEM14C is specifically required for terminal erythropoiesis. To confirm that TMEM14C is required for mammalian erythropoiesis, we examined hematopoiesis in embryoid bodies derived from a Tmem14c gene trap murine embryonic stem cell line from the German Gene Trap Consortium (Figure 2A ). The original embryonic stem gene trap line (gt/+), E295C12, was grown under high puromycin step-up selection to target the remaining wild-type allele by gene conversion, thus generating a null (gt/gt) clone (refs. 27-29 and Figure 2B ). Quantitative RT-PCR (qRT-PCR) analysis ( Figure 2C ) showed absence of Tmem14c mRNA in the null Tmem14c gt/gt clone compared with that in wild-type and heterozygous control embryonic stem cell clones.
TMEM14C with HSP60, a mitochondrial resident protein, with a Mander's overlap coefficient greater than 0.7 and a Pearson's overlap coefficient of 0.67 ( Figure 1G ).
To assess the submitochondrial localization of TMEM14C, we isolated mitochondria from transiently transfected HeLa cells expressing murine FLAG-TMEM14C and disrupted their outer membrane by hypotonic swelling to create mitoplasts. Hypotonic swelling did not disrupt inner mitochondrial and intermitochondrial membrane proteins ( Figure 1H , lane 1) but liberated proteins in the intermembrane space. Hypotonic swelling also rendered proteins in the intermembrane space and outer mitochondrial membrane accessible to trypsin digestion ( Figure 1H , lane 3). The presence of TMEM14C in the mitochondria after hypotonic swelling showed that it is not an intermembrane space protein ( Figure 1H , lane 1). Trypsin treatment of mitochondria degraded outer membrane proteins, such as TOM20, but not inner membrane proteins, like TIM23, and did not affect the presence of TMEM14C in mitochondria, thereby demonstrating that TMEM14C is not an outer membrane protein ( Figure 1H , lane 2). Table 2 ; and Supplemental Figure 2 ). Since TMEM14C is a mitochondrial protein that is required for hemoglobinization and terminal erythroid maturation, we considered whether it could play a role in heme metabolism. Haploinsufficiency of heme synthesis enzymes, such as FECH (32) (33) (34) or UROgenIII synthase (35) , results in the accumulation of photoreactive tetrapyrrole biosynthetic intermediates, particularly in erythroid and hepatic tissue (36) . E12.5 Tmem14c gt/gt fetal livers autofluoresced under fluorescence illumination, similar to fetal livers from Fech mutant mice (Fech Tm1Pas Fech Tm1Pas mice), while wild-type fetal livers did not, indicating an accumulation of heme intermediates, which autofluoresce due to their highly conjugated tetrapyrrole ring structures ( Figure 3G ). We therefore concluded that TMEM14C is involved in mitochondrial heme metabolism.
In embryoid body cultures, Tmem14c deficiency specifically resulted in a decrease in the percentage of hemoglobinized cells and erythroid cells (Figure 2 , D-F), while myelopoiesis was unaffected ( Figure 2G ). Erythroid cells derived from the Tmem14c gt/gt embryoid bodies were developmentally arrested at an early erythroblast stage ( Figure 2E ). These data show that TMEM14C is specifically required for erythroid terminal maturation or hemoglobin synthesis rather than hematopoietic stem cell biology or lineage determination.
We confirmed that TMEM14C is required for erythropoiesis by silencing Tmem14c in differentiating E14.5 mouse fetal liver cells with shRNA hairpin constructs (30) . Fetal liver cells transduced with shRNA to Tmem14c exhibited decreased hemoglobin synthesis ( Figure 3A ), indicating that TMEM14C is continuously required for heme synthesis in the primary definitive erythroid lineage.
We further interrogated the Tmem14c-deficient phenotype in vivo by generating Tmem14c gt/+ mice. A cross between heterozygous animals did not yield any viable homozygous pups, suggesting embryonic mortality of Tmem14c gt/gt mice. Tmem14c gt/gt mice died in utero by E13.5 ( Supplemental Table 1 ), a developmental stage at which definitive fetal liver erythropoiesis becomes the main source of red cells (31) . Tmem14c gt/gt embryos had pale livers compared with livers of wild-type mouse embryos and were visibly anemic ( Figure 3B ). Erythroid cells from Tmem14c gt/gt fetal livers, which do not express Tmem14c mRNA ( Figure 3C ), were TMEM14C is required for mitochondrial porphyrin metabolism. To further characterize the role of TMEM14C in erythroid heme and iron metabolism, we depleted Tmem14c in MEL cells using two methods. First, we used CRISPR/Cas-mediated genomic editing to generate stable compound heterozygote knockout (CRISPR) cells (Supplemental Figure 3 and refs. 37, 38) . Second, we generated stable Tmem14c knockdown MEL clones using shRNA silencing (shRNA-silenced clones are referred to herein as shRNA). Both cell lines expressed negligible steady-state levels of Tmem14c mRNA and protein ( Figure 4 , A and B). TMEM14C-deficient and control mitochondria contained similar amounts of PPOX and FECH proteins, showing that TMEM14C did not regulate protein levels of the heme synthetic enzymes ( Figure 4B ). Consistent with observations gathered from tmem14c morphant zebrafish embryos (21), differentiating murine embryonic stem-derived erythroid cells ( Figure 2 ), and murine fetal livers (Figure 3 ), Tmem14c-silenced cells exhibited decreased heme synthesis upon induction of terminal differentiation with DMSO in comparison with that of control cells, as shown by o-dianisidine staining for hemoglobinized cells ( Figure 4C ). Quantitation of heme synthesis rate by 55 Fe labeling indicated that TMEM14C was required for heme synthesis both basally and during terminal erythroid differentiation in MEL cells ( Figure 4D ). This indicated that the heme synthesis defect in Tmem14c-deficient cells was not secondary to an erythroid differentiation defect but rather that TMEM14C was directly involved in the heme homeostasis.
Because TMEM14C is a mitochondrial protein required for heme synthesis, we assayed for biomarkers reflective of iron homeostasis (39) . Tmem14c deficiency did not alter basal cellular 55 Fe uptake, although the amount of 55 Fe uptake was decreased in differentiating Tmem14c-deficient cells ( Figure 5A ). The decrease in cellular 55 Fe in Tmem14c-deficient MEL cells may reflect the block in erythroid maturation ( Figure 4C) , with a decreased demand for iron in heme production. Significantly, mitochondrial iron levels, as measured by inductively coupled plasma mass spectrometry and 59 Fe labeling, were similar in controls and Tmem14c-deficient cells, both basally and during terminal differentiation ( Figure 5B ). These data indicated that TMEM14C does not regulate heme synthesis via the control of mitochondrial iron import. In Tmem14c-deficient cells, mitochondrial aconitase (EC4. Figure 4B) , excluding a role for TMEM14C in the regulation of mitochondrial number, apoptosis, or mitochondrial membrane potential. As cellular iron availability is a requirement for normal mitochondrial biogenesis (40) , we analyzed HSP60 levels in lysates of uninduced and induced CRISPR and wild-type MEL cells, as a surrogate for mitochondrial protein content. Wild-type and CRISPR cells contained similar levels of HSP60 and control cytosolic marker, GAPDH, under both uninduced and induced conditions (Supplemental Figure 4C ). These data confirmed that the absence of 55 Fe metabolic labeling shows that basal cellular iron import is not decreased in Tmem14c-deficient MEL cells. However, cellular iron content is decreased in Tmem14c-deficient erythroid cells during differentiation. (B) Deficiency in heme synthesis in Tmem14c-silenced cells is not due to a defect in mitochondrial iron content. Inductively coupled plasma analysis of mitochondrial iron shows that Tmem14c deficiency does not cause a defect in mitochondrial iron content either basally or during erythroid differentiation (left). This was confirmed by 59 TMEM14C did not affect mitochondrial biogenesis or function and excluded the possibility that the heme synthetic defect was secondary to a general defect in mitochondrial physiology. We then considered the possibility that TMEM14C might play a regulatory role in mitochondrial heme synthesis. To quantitate the levels of porphyrin intermediates, we performed HPLC analysis on MEL cells differentiated in the presence of DMSO. Whether or not cells were treated with exogenous ALA, an early synthetic precursor in heme synthesis, Tmem14c-silenced cells contained similar levels of intracellular uroporphyrin III as control cells ( Figure 6A ). ALAtreated CRISPR cells and Tmem14c gt/gt fetal liver cells contained significantly more coproporphyrin III than wild-type controls ( Figure  6B ). In comparison, Tmem14c-deficient cells and Tmem14c gt/gt fetal liver cells contained significantly less PPIX than wild-type controls ( Figure 6C ). This contrasted with high levels of PPIX accumulation in the fetal Fech Tm1Pas Fech Tm1Pas mouse liver ( Figure 6C ). Consistent with decreased PPIX production in Tmem14c-deficient cells and Tmem14c gt/gt fetal liver, heme levels were decreased ( Figure 6D ). The media of ALA-treated CRISPR cells exhibited a trend of elevated total porphyrin levels ( Figure 6E) , indicative of increased extracellular excretion of cellular porphyrin, consistent with porphyrin accumulation observed in Tmem14c gt/gt fetal liver tissues ( Figure 3F and Figure 6B ). While we were unable to directly assay reduced porphyrinogens in our samples due to their spontaneous oxidation, these data demonstrate that TMEM14C is required for the formation of PPIX from CPgenIII in the mitochondria. In the absence of TMEM14C, this pathway is blocked, causing an accumulation of upstream porphyrins.
To confirm that TMEM14C plays a role in porphyrin metabolism, we used deuteroporphyrin IX (DP), a synthetic analog of PPIX in which the 2,4 vinyl groups are replaced by hydrogen atoms, to chemically complement the heme synthesis defect in shRNA and CRISPR cells. We differentiated control, Tmem14c-deficient, and Snx3-silenced cells, which have a primary iron uptake defect (41), and concurrently treated them with either 5 μM Fe-dextran alone or in combination with 5 μM DP. We omitted treatment with DP alone, as DP is inherently cytotoxic in the absence of supplemental iron and inhibited MEL cell differentiation (data not shown). Cellular heme synthesis was assayed by 55 Fe-heme incorporation. Consistent with previous data, 55 Fe-heme incorporation confirmed that Fe-dextran with DP, comprised mutations in multiple components of the heme synthetic pathway (43, 44) . Of note, mutations in Mfrn1 (also known as Slc25a37), required for mitochondrial iron import (28), do not by themselves cause porphyria (27) . However, they predispose vertebrates to develop porphyria when cellular ALA levels are increased by gain-of-function mutations in ALAS2 (45) or dietary intake (46) . Our study reveals the potential for defects in porphyrin transport to cause or exacerbate porphyria. We identified TMEM14C as a protein that facilitates the transport of terminal heme synthesis intermediates, in particular PPgenIX. TMEM14C is a member of the uncharacterized TMEM14 superfamily of transmembrane proteins and has 4 predicted helical domains that are conserved in vertebrate species (26), 3 of which span the mitochondrial membrane (47) . Development of other organs and nonerythroid hematopoietic lineages is largely normal in tmem14c-deficient zebra fish morphants (21) and mouse embryos (Supplemental Figure 2 ), indicating that these structurally similar proteins may play analogous, compensatory roles to those of TMEM14C in nonerythroid heme synthesis. Consistent with the proposed role of Tmem14c in erythroid heme synthesis, it is not present in Caenorhabditis elegans, a heme auxotroph devoid of heme synthesis genes (8) .
Tmem14c-deficient primary murine fetal liver tissue and erythroid cell lines exhibited defective PPIX synthesis and accumulated coproporphyrin III ( Figure 6 , B and C) or excreted excess but not Fe-dextran alone, rescued heme synthesis in Tmem14c-deficient cells to a level similar to that of differentiated control cells. In contrast, DP could not complement the heme synthetic defect in Snx3-silenced cells, demonstrating the specificity of the heme synthesis rescue by DP ( Figure 7A ). The increase in heme synthesis in response to Fe-dextran and DP was not due to an increase in cellular iron content in the Tmem14c-deficient cells ( Figure 7B ). In combination with the HPLC data, these chemical complementation results demonstrate that TMEM14C is specifically required for the terminal steps in the heme synthesis pathway. The presence of TMEM14C in the mitochondrial inner membrane, and the active site orientation of heme synthesis enzymes in its proximity (42) , defines a role for TMEM14C in the transport of PPgenIX within the mitochondrial intermembrane space into the mitochondrial matrix for the synthesis of PPIX ( Figure 7C ). The final step in heme synthesis, the metalation of PPIX by FECH, occurs within the mitochondrial matrix.
Discussion
Although porphyrias are currently understood to result from defects in heme synthetic pathway enzymes, the low genetic penetrance of mutations in these genes suggests the requirement for additional genetic modifiers that predispose an individual to heme synthesis defects and porphyrin accumulation (43) . Thus far, genetic interactions associated with congenital porphyrias have from CPOX and transports PPgenIX into the mitochondrial matrix ( Figure 7C ). The proposed role of TMEM14C as PPgenIX importer is consistent with its tightly packed helical structure that is typical of transmembrane transport proteins (47, 56) . However, due to spontaneous oxidation of porphyrinogens to porphyrins under our porphyrin isolation conditions, we could not directly measure URO-genIII, CPgenIII, or PPgenIX levels to demonstrate this. In vertebrates, the expression of Tmem14c mRNA is enriched in embryonic ( Figure 1B and ref. 21) , fetal, and adult hematopoietic tissues (Figure 1, C and D) . Tmem14c expression is most pronounced in terminally differentiating erythroid cells ( Figure 1E and Supplemental Figure 1B) . Consistent with this observation, the Tmem14c promoter is occupied by the erythroid transcription factor GATA-1 (19) . As many genes regulating heme and iron homeostasis are regulated by iron regulatory proteins and cellular iron status (57, 58) , we searched for iron response elements, which are bound by iron regulatory proteins, in the Tmem14c mRNA sequence (http://ccbg.imppc.org/sires/index.html) and found no evidence of iron response elements. We also treated MEL cells with desferrioxamine and Fe-citrate to examine the effects of iron depletion or supplementation on Tmem14c mRNA expression. Neither treatment had an effect on Tmem14c mRNA levels (Supplemental Figure 1C ), indicating that cellular iron status does not directly regulate steady-state Tmem14c mRNA levels.
Our current data extend the findings that transport proteins play a critical role in heme homeostasis (52, (59) (60) (61) (62) (63) . Although the National Human Genome Research Institute human genomewide association studies database (64) and genome-wide association studies have yet to link mutations in TMEM14C to hematologic disease (65) (66) (67) , the profound anemic and mild porphyric phenotypes in Tmem14c gt/gt mice indicate that TMEM14C could function as a genetic modifier for the severity of anemia and porphyria in humans. We predict that further genetic sequencing studies will uncover TMEM14C hypomorphic mutations in individuals suffering from anemias or porphyrias of unknown etiology. Our identification of Tmem14c as an essential regulator of heme synthesis thus provides a novel genetic tool for further studies on normal vertebrate erythropoiesis and pathological states, such as anemia and porphyria.
Methods
Cell lines. DS19 MEL cells were obtained from Arthur Skoultchi (Albert Einstein College of Medicine, New York, New York, USA). Gene trap mouse embryonic stem cells for TMEM14C (E295C12) were obtained from the German Gene Trap Consortium.
Knockdown of Tmem14c by shRNA hairpins in mouse cells. Tmem14c (GenBank NM_025387) stable knockdown MEL clones were obtained by stable transfection of an shRNA hairpin (TRCN0000009763, Sigma-Aldrich). Electroporation of the DS19 MEL cells and stable selection of clones was carried out as previously described (37) . Knockdown efficiency was assessed by qRT-PCR (Tmem14c probe: Mm00481276_m1, Invitrogen; Hprt probe: Mm01545399_m1, Invitrogen) and Western blot analyses (Figure 4, A and B) .
Fe radiolabeling and radio Fe-heme measurements. 59 FeCl 3 (specific activity: 1 Ci/mmol) and 55 FeCl 3 (specific activity: 1.28 Ci/mmol) (Perkin Elmer) were loaded onto transferrin as described previously (68) . Metabolic labeling was carried out as described previously (28) . porphyrin into the cell culture media ( Figure 6E ). The porphyrin accumulation in Tmem14c gt/gt fetal liver tissue caused autofluorescence characteristic of murine porphyria models ( Figure 3G and refs. [34] [35] [36] . The apparent absence of autofluorescence in tmem14c morphant zebrafish embryos (21) could be reconciled by the inherent chemical instability and photoreactivity of CPgenIII and PPgenIX, excretion of these intermediates into the water and yolk sac, or a combination of these factors. In addition, other structurally similar TMEM14 family proteins like TMEM14A may partially compensate for the loss of TMEM14C function (47) , mitigating porphyrin accumulation in tmem14c morphant embryos.
Due to the localization of TMEM14C in the inner mitochondrial membrane, we considered and excluded several possibilities for the function of TMEM14C in mitochondrial heme metabolism. We excluded the possibility of a role for TMEM14C in regulating the levels of mitochondrial heme synthesis enzymes ( Figure 4B ), mitochondrial iron ( Figure 5B) , and [Fe-S]-cluster assembly ( Figure  5C ). The observed decrease in cellular iron content in Tmem14c-deficient MEL cells was a secondary effect of differentiation defects in these cells, which require less iron for heme production ( Figure  5A ). Even so, it is likely that normal levels of mitochondrial iron in Tmem14c-deficient cells are maintained by direct import of iron from transferrin-containing endosomes, and the imported iron is preferentially used to carry out essential cellular functions (48) .
The requirement for TMEM14C in housekeeping erythroid heme synthesis suggests that TMEM14C plays a broader role in erythroid heme homeostasis, beyond hemoglobin synthesis. We speculate that, in addition to TMEM14C, other TMEM14 family proteins play a major role in maintenance of housekeeping heme synthesis, a process critical for the function of mitochondrial respiratory proteins and cell survival (49, 50) . The redundant functions of other mitochondrial proteins are underscored by the observation that Tmem14c-deficient cells have survival rates and mitochondrial function comparable to that of wild-type cells (Supplemental Figure 4) .
Tmem14c-deficient cells synthesized uroporphyrin III and coproporphyrin III at levels similar to control cells ( Figure 6, A and B ). Furthermore, ALA supplementation of cells used in metabolic iron radiolabeling experiments ( Figure 4D ) and porphyrin HPLC analysis ( Figure 6 , A-D) did not complement heme synthesis in Tmem14c-deficient cells. However, DP, a synthetic protoporphyrin analog, but not iron, dramatically complemented the heme defect in Tmem14c CRISPR cells ( Figure 7A ). The specificity of our complementation assay is maintained by the marginal rescue of heme in Snx3-deficient cells. These data demonstrate that TMEM14C primarily and directly facilitates the terminal steps of mitochondrial heme synthesis.
Proteomic mapping of proteins in the mitochondria reassigned PPOX to the mitochondrial matrix and confirmed the localization of the CPOX and FECH active sites in the intermembrane space and mitochondrial matrix, respectively (42) . ABCB6 (EC3.6.3), a mitochondrial outer membrane protein, has been implicated as a putative mitochondrial importer of CPgenIII, enabling the conversion of CPgenIII to PPgenIX by inner membrane-bound CPOX in the intermembrane space (51-54); although, more recent work suggests that it is dispensable for heme synthesis and specifies the blood group Langereis (55) . Based on the colocalization of TMEM14C and CPOX, and the restricted role of TMEM14C in mitochondrial heme synthesis, we propose that TMEM14C directly accepts PPgenIX 
Supplemental Figure S1. Differential expression of Tmem14c mRNA during erythroid maturation and in various organs.
A) Tissue northern analysis shows that Tmem14c mRNA is enriched in hematopoietic tissues in both the fetus and the adult, namely the bone marrow, spleen, and fetal liver. Northern blots from Seegene used previously for Gapdh (2) were stripped and reprobed for Tmem14c. B) Tmem14c mRNA is induced in differentiating MEL cells. qRT-PCR analysis for Tmem14c mRNA normalized to Hprt mRNA from MEL cells induced to undergo erythroid differentiation with DMSO. C) qRT-PCR analysis shows that Tmem14c mRNA expression in MEL cells is not altered by either iron depletion (desferrioxamine [DFO] treatment) or iron supplementation (Fe-citrate). 
Supplemental
SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Mitochondrial fractionation and trypsin protection assay
Intact mitochondria were isolated from MEL cells using a mitochondria isolation kit from Pierce.
Sub-mitochondrial fractionations were done as previously described (3) . HeLa cells were transfected with FLAG-TMEM14C. Cells were homogenized in buffer (20 mM HEPES pH 7.4, 220 mM mannitol, 70 mM sucrose, 0.2% BSA and 0.5 mM PMSF) and centrifuged at 770 x g. Mitochondria were obtained by centrifuging post-nuclear supernatant at 10,000 x g. Isolated mitochondria were re-suspended with homogenizing buffer. Hypotonic swelling of mitochondria was carried out in 20mM HEPES pH 7.4.
Trypsin digestion was carried out by treating mitochondria with 0.25 µg/ml of trypsin for 30 min on ice. Trypsin was quenched with soybean trypsin inhibitor.
Northern analysis
Mouse tissue northern blot was obtained from Seegene (Seoul, Korea). The nylon filters were serially probed with random-prime labeled (Roche) mouse Tmem14c and Gapdh cDNA probes with [α-32 P]dCTP (6000 Ci/mmol; Perkin-Elmer) using standard procedures for hybridization and washing in 0.1x SSC, 0.1% SDS at 65 o C.
Mouse in situ hybridization
The protocol of mouse in situ hybridization was modified from a previous report (4) . Briefly, 33 P-UTP-labeled cRNA probes were synthesized using MAXIscript Kit from Ambion (Austin, TX). Five micron sections from paraformaldehyde-fixed, paraffin-embedded outbred mouse embryos were pretreated with proteinase K and acetic anhydride, followed by hybridizing with the RNA probe overnight at 47°C. Following stringent washes and RNase treatment, slides were dipped in Kodak NTB emulsion (Carestream) and exposed for 5-25 days. Brightfield and darkfield images were captured and pseudocolored as described (5) .
Quantitative RT-PCR analysis
The stable shRNA and CRISPR clones were chemically differentiated with 
Western analysis
For the mitochondrial sub-fractionation assay in Figure 2C , we used the following antibodies to detect the respective proteins: anti-FLAG (Gilbertsville, PA), anti-TOM20 (Santa Cruz, Santa Cruz, CA), Anti-TIM23 (BD Biosciences, San Jose, CA) and Anti-HSPA9 (Santa Cruz). Figure S4C , we used the following antibodies: anti-HSP60 (K19, Santa Cruz) and GAPDH (Pierce).
For western blots in
Immunoblotting of TMEM14C was performed using a custom anti-mouse TMEM14C polyclonal antibody generated against two peptides, (C)- 
MEL chemical differentiation and o-dianisidine cytospin staining for heme
To induce their differentiation into erythrocyte-like cells, MEL cells were treated with 1.5% dimethyl sulfoxide (DMSO). o-dianisidine staining was performed at day 3 after DMSO-induced differentiation. The stained cells were mounted onto slides by cytospin centrifugation as previously described (6) and the images were acquired in a Nikon Eclipse E600 microscope connected to a Leica DC500 camera.
Silencing of Tmem14c in mouse primary fetal liver cells (MPFL)
The methods for Tmem14c silencing and hemoglobin quantification in MPFL were described previously (7) . The retroviral plasmids expressing shRNAs for Tmem14c were transfected in a packaging HEK293T cell line. The collected retroviral supernatants were added to erythroid precursor cells purified from mouse fetal liver. The retrovirally transduced cells were sorted for GFP expression using a FACSAria machine (BD Biosciences), and the hemoglobin content was quantified with Drabkin's reagent.
Confocal immunofluorescence microscopy
Confocal microscopy was performed at the Harvard Digestive Disease Center Imaging Facility (Boston Children's Hospital). Images were taken using a spinning disk confocal head (CSU-X1, Perkin Elmer Co., Boston, MA) coupled to a fully-motorized inverted Zeiss Axiovert 200M microscope equipped with a 63X lens (Pan Apochromat, 1.4 NA). Solid-state lasers (λ473 nm, λ568 nm and λ660 nm; Crystal Laser, Reno, NV) coupled to the spinning head through a fiber optic were used as light source. An acousticoptical tunable filter (AOTF) was used to switch between different wavelengths. The imaging system operates under control of SlideBook 5 (Intelligent Imaging Innovations Inc., Denver, CO) and includes a computer controlled spherical aberration correction device (SAC, Intelligent Imaging Innovations, Inc., Denver, CO) installed between the objective lens and the CCD camera (Orca ER, Hamamatsu). Acquisition of sequential optical sections spaced 0.4 µm apart was achieved with the aid of a motorized piezodriven stage.
Mouse Gene Trap ES Cells
Heterozygous Tmem14c gene trap (gt/+) mouse ES cells (E295C12) were obtained from the German Gene Trap Consortium (Helmholtz Zentrum München, Neuherberg, Germany). ES cells were maintained on gelatin-coated dishes in ES media.
Homozygous gt/gt clones were selected using G418 selection as previously described (2, 8) .
Mouse blastocyst injections and knockout mouse generation
All mouse experiments were performed in compliance with the Institutional Animal Care and Use Committee (IACUC) regulations at The Jackson Laboratory (Protocol #11006; Bar Harbor, ME). Blastocyst injection and embryo transfer were performed using standard techniques (8, 10) . Male chimeras were mated to C57BL/6J females to generate heterozygotes. All mice for this study were maintained on a segregating C57BL/6J-129/Sv (B6;129) hybrid genetic background. C.Cg-Fech m1Pas /J (Fech m1Pas ; Stock# 002662) mice were purchased from JAX ® Mice and Services.
Embryos ranging in age from E7.5 to E16.5 were collected for analyses with noon of the vaginal plug date designated as E0.5. The genotypes of Tmem14c gene trap and Fech mice were determined by real-time genomic PCR analysis of tail tip or yolk sac biopsies.
All mice were maintained in climate-controlled rooms (12-hour light cycle) and provided acidified water and chow (NIH 5K52) ad libitum.
Embryonic microscopy and flow cytometry analyses
Whole-mount β-galactosidase (LacZ) staining was performed as described (11) .
Fetal liver cells were prepared for cytospins as follows. Single cell suspensions from fetal livers were prepared by incubation in 0.1% collagenase/20% fetal bovine serum/phosphate-buffered saline (StemCell Technologies, Inc., Vancouver, BC, Canada) at 37°C for 30 min and then pipetted up and down with a 1 mL pipet tip. Cytospin preparation of cell suspensions onto poly-L-lysine coated slides and May-Grünwald staining were performed using standard techniques.
To visualize autofluoresence in fetal liver tissue, fetal livers were dissected out in phosphate-buffered-saline containing 10% fetal bovine serum and viewed using glass bottom dishes (MatTek Corp., Ashland, MA, USA) on an inverted confocal microscope (SP2, Leica Microsystems, Wetzlar, Germany) using λ405 nm UV excitation and λ620 nm emission filters.
For flow cytometry analysis, fetal liver cells from E12.5 embryos were immunostained for CD71 and TER119 to assess erythroid differention via flow cytometic analysis (LSR II, BD Biosciences, San Jose, CA, USA) as described (12) .
In vitro colony assays
Wild-type E14 and Tmem14c gene-trap ES clones were generally split 1-day after thawing with 10 6 mES cells plated onto gelatinized 100-mm plates in mES media as previously described (2) . The following day, mES cells were maintained in "switch media". 2-days after the split, the cells were collected by trypsinization and replated on untreated 100-mm dishes at a density of 3x10 3 cells/ml (total 6x10 4 cells) in embryoid body (EB) media with mVEGF (10 ng/ml) on Days 1 and 5 as described (8) . ALA was added to EB cultures for the last 12-24 hours of Day 6 primitive differentiation.
Hemoglobinization of the primitive differentiated cells by o-dianisidine staining as previously described (9) .
To achieve a definitive wave of hematopoietic differentiation, the EB medium was supplemented with mVEGF (10 ng/ml), rEPO (10 IU/ml), mSCF (5 ng/ml). Day 5 55 Fe-or 59 Fe-saturated transferrin was incubated with MEL cells in DMEM (high glucose) media with dialyzed, heat-activated fetal calf serum (Invitrogen) for 8h. When indicated, 5uM DP (Frontier Scientific) was included in the labeling media. 0.1mM ALA (Sigma) was included in all labeling experiments except those in Figure 7 . Radiolabeled mitochondrial iron was quantitated from lysates of labeled cells. Fe-heme was extracted with cyclohexanone after acidification with 0.1 N HCl from lysed cells or isolated mitochondria. Radioactivity was quantitated using either a liquid scintillation count or γray quantitated for 55 Fe and 59 Fe isotopes, respectively (2, 16) .
ICP analysis of mitochondrial iron content
Mitochondrial iron was measured as previously described (17) . Isolated mitochondria were treated with nitric acid and sample iron content was determined by using a Perkin-Elmer Inductively Coupled Plasma (ICP) Optical Emission Spectrometer.
The results were normalized to mitochondrial protein content.
HPLC analysis of heme and porphyrins
HPLC analysis was carried out with MEL cells that were differentiated for 72h with 1.5% DMSO. Where indicated, cells were treated with ALA (2mg/ml) 24h prior to HPLC (18) . A cell pellet spun down from a 30-50 mL culture was mixed with water to about 200 µL in a microfuge tube and sonicated for 12 cycles of 5-sec intervals at 50% duty (about 2.5 sec on, 2.5 sec off) using a microtip. A 50-µL aliquot was mixed vigorously with 200 µL of an extraction mixture of ethyl acetate (4 volumes) and glacial acetic acid (1 volume). The phases were separated by microcentrifugation for 1 min at maximum speed. The upper organic layer was immediately analyzed simultaneously for protoporphyrin IX and heme in the HPLC. For porphyrins, 80 µL of the sonicated cell homogenate was mixed with 80 µL 3M HCl, incubated at 37˚C for 1 hour, and then microcentrifuged at maximum speed for 10 minutes. The supernatant was analyzed for porphyrins in the HPLC.
